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Charles Nicholson1,*
1Department of Neuroscience and
Physiology, New York University School of
Medicine, New York, New YorkThe narrow spaces between the cells of
the brain are a highway for diffusing
molecular traffic. In this issue, Xiao
et al. (1) use experiments and Monte
Carlo modeling to show that molecular
transport in the granular layer of the
rat cerebellum must be described
by anomalous diffusion mediated by
anatomical structures called glomeruli.
The extracellular space (ECS) of the
brain comprises all the territory that
resides outside the neurons and glia
cells, most importantly the interstitial
space between neighboring cells. The
ECS is a reservoir for ions involved
in electrical activity, a communication
channel for chemical messengers
and a conduit for drug delivery; in
all these processes diffusion plays
an essential role (2,3), but until the
study of Xiao et al. (1) it was thought
that classical diffusion provided an
adequate description of this process.
The total ECS typically occupies
20% of the brain but, because it resem-
bles a thin atmosphere enshrouding
the myriad membranes of cells, the
actual width of the interstitial space
is only tens of nanometers wide and
therefore below the resolution of
conventional light microscopy (2,4).
Electron microscopy can in principle
reveal the structure of the ECS but
it is hampered by artifacts arising
during the fixation of material that
frequently all but occludes the ECS.
Moreover the three-dimensional struc-
ture of the ECS is so complex thathttp://dx.doi.org/10.1016/j.bpj.2015.03.043
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level is difficult (4). These obstacles
have limited the study of the ECS
but the analysis of the diffusion of
appropriate probe molecules opens
a unique window on this microenvi-
ronment (2).
Diffusing molecules execute cease-
less random walks that enable them
to explore the complex three-dimen-
sional structure of the ECS in minute
detail. The problem is to get the
molecules to report back their findings.
This has been achieved to a useful
degree by studying the concentration
distribution of molecules after release
from a point-source (2,5). In one
implementation of this point-source
paradigm, the so-called real-time
iontophoresis method, tetramethylam-
monium molecules (74 MW) are used
and their concentration measured as a
function of time at a single location
using an ion-selective microelectrode.
This method has measured both the
hindrance to diffusion imposed by
local geometry and the volume frac-
tion of the brain occupied by the
ECS. A second realization of the
point-source paradigm, the integrative
optical imaging (IOI) method, uses
fluorescent molecules of different sizes
to explore the ECS and images the
relative concentration as a function of
both time and space. These methods
have shown that, over suitably long
times and distances, molecules diffus-
ing in the ECS obey the diffusion
equation but with a reduced effective
diffusion coefficient compared to that
seen in an aqueous solution. Using
models, the magnitude of the reduction
reveals how ECS structure may hinder
diffusion. Xiao et al. (1) have carried
the IOI method to a new level by
showing that, shortly after 3000-MW
dextran molecules are released from a
point source in the granular layer of
the rat cerebellum, their behavior
does not conform to the diffusion
equation but instead may be classified
as anomalous diffusion.
To arrive at a probable cause of
the anomalous diffusion, Xiao et al.(1) made three-dimensional Monte
Carlo simulations with the soft-
ware MCell (http://www.mcell.org).
These simulations suggested that the
anomaly arises from wrapping of
astrocytic glia cells around the
abundant synaptic complexes called
glomeruli (Fig. 1 and Eccles et al.
(6)), within the cerebellar granular
layer. The pre- and postsynaptic com-
ponents of this complex synaptic
ensemble remain separated by ECS
(narrow irregular white regions in
Fig. 1) but access to the full ECS
of the granular layer is restricted to
a few gaps in the surrounding astro-
cytes. This anatomy is well captured
by the large-parcel model seen in the
article.
Immediately after molecules are
released from a point-source into the
ECS, and before they encounter the
outer surface of a cell, there must be
a brief period when they behave as
though in a free medium, but because
the average distance to a surface will
be measured in tens of nanometers,
this phase is not revealed by ex-
periments. Sometime later, after the
molecules have explored a sufficient
volume of the ECS environment,
which will include many cells and
their protoplasmic extensions, the
average concentration is again des-
cribed by the diffusion equation with
a new and reduced effective diffusion
coefficient (2). What happens between
the two regimes? It is this interval that
Xiao et al. (1) are able to focus on,
for the first time to my knowledge,
in brain tissue, because the unique
anatomical components of the granular
layer prolong the intervening phase
sufficiently for it to be probed with
the IOI method.
The classical description of the
mean-square displacement of a
diffusing molecule, hr2i, after time t,
may be generalized to hr2ift2=dw .
For normal diffusion the exponent
dw ¼ 2 but when dw > 2, the process
FIGURE 1 Drawing of a cross section through a typical mammalian
glomerulus from the granular layer of the cerebellum. A core of mossy fiber
terminals (blue) filled with synaptic vesicles (white dots) makes contact with
numerous dendrites from granule cells (pink). A few axon terminals of Golgi
cells (yellow) contact granule cell dendrites. The whole glomerulus is
sheaved in a thin layer of astrocytic glia cells (green) with occasional open-
ings in the coverage. The glomerulus maintains an ECS (narrow irregular
white regions) between the components that only has restricted diffusion
with the rest of the granular layer via the narrow gaps between the astrocytes.
In the rat, the glomerulus is ovoid with a cross-section diameter of ~5 mm and
a longitudinal extension along the mossy fiber of 10–20 mm. Drawing based
on figures in Eccles et al. (6). To see this figure in color, go online.
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subdiffusion. Normal diffu-
sion possesses the elegant
property that one can rigor-
ously go from the descrip-
tion of a random walk to
the macroscopic diffusion
equation (Fick’s Second
Law) and vice versa. This
is no longer true for anom-
alous diffusion where the
macroscopic equation, if it
can be found, may require
such exotic mathematical
entities as fractional deriva-
tives in its formulation (7).
The crux of the study by
Xiao et al. (1) is that the
astrocytic glia cell wrap-
ping of the complex syn-
aptic junction that forms
the glomerulus leads to
anomalous subdiffusion
with dw ¼ 4.8. This wrap-
ping is one manifestation
of a local diffusion trap.
Such traps include dead-
end pores, obstructions,
or local expansions in the
void space leading to a
transient period of altered
diffusion (7,8); this is
exemplified in a study
of anomalous diffusion ofREFERENfluorescent dextran within neuronal
dendrites (9).
Although the study of Xiao et al. (1)
shows convincing evidence of anoma-
lous diffusion, the thickness of the rat
granular layer (~200 mm) does not
permit the third phase of normal but
reduced diffusion to be seen, although
this is evident in their extensive
MCell modeling. Limitations are inev-
itable in experiments on living tissue
and there is always the lurking ques-
tion of whether anomalous diffusion
is really being observed (10,11). In
this study, the investigators have
repeated their experiments in the
turtle cerebellum where the astrocytic
wrapping of the glomerulus is much
reduced and they found almost
negligible anomalous diffusion, which
strengthens their conclusions. ThisBiophysical Journal 108(9) 2091–2093reminds us of the value in looking
beyond the rodent model and of the
benefits of comparative studies of the
vertebrate brain.
The results of Xiao et al. (1) are
important for cerebellar physiology.
The cerebellar cortex has very distinc-
tive cytoarchitectonics with only
two input systems and one output
(6). The major input is routed through
the mossy fibers that make excitatory
synapses with vast numbers of granule
cells in the glomerulus. This synaptic
interaction is under tonic inhibitory
control from intrinsic cerebellar
Golgi cells (Fig. 1) and the anomalous
diffusion properties revealed in this
study may play an important role
when transmitter substances spill out-
side the glomeruli. Using modeling,
Xiao et al. (1) show the unexpectedresult that anomalous diffu-
sion may actually speed
up the attainment of local
concentrations.
Xiao et al. (1) focused on
the geometrical contribu-
tion to diffusion hindrance
but for some molecules,
including drugs, local
reversible binding with the
extracellular matrix may
play a dominant role in
determining the diffusion
properties (3,5). It is
becoming evident that the
ECS, which used to seem
simply as an uninteresting
gap between cells, is a func-
tionally important part of
the brain with many proper-
ties yet to be discovered.
In this ongoing exploration
the analysis of diffusion
will continue to be an essen-
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